Oxygen is essential, life-saving, supportive treatment for children with hypoxaemia but is not available in many resource-constrained health facilities. We conducted a cross-sectional survey of oxygen availability and nurses' skills for oxygen administration at the paediatric wards of 11 district hospitals in eastern Uganda. Functional oxygen delivery was available at the paediatric wards of only 2 of 11 (18%) hospitals. Of the six concentrators found, two did not function at all and two produced a stream of O 2 <80% pure. Most nurses (76%) had adequate knowledge on how to use a concentrator, but the majority did not know how to use a pulse oximeter or administer cylinder oxygen. All nurses felt the need for further training on O 2 administration and equipment. Given the large number of childhood pneumonia deaths occurring in resource-limited settings, improving availability of oxygen and nursing skills to administer oxygen could lead to substantial gains in global child survival.
I N T R O D U C T I O N
Oxygen is on the World Health Organization list of essential medicines [1] . It is indicated for the treatment of hypoxaemia of any cause, including childhood pneumonia, the single greatest cause of death in children aged <5 years worldwide [2] . Hypoxaemia in children with severe pneumonia is a predictor of mortality, increasing the risk of dying 5-fold [3] . A reliable oxygen supply is important, lifesaving and essential in any health facility that looks after sick children [4, 5] . Improved oxygen delivery systems reduce mortality owing to pneumonia by an estimated 35% [6] .
Most hospitals have some oxygen supply; however, there are often challenges with reliable delivery and effective use in low-resource settings. Equipment necessary for delivering oxygen may not be available, stocks of cylinder oxygen may be depleted and when oxygen concentrators are available, there may be no power to run them [7] . There may be gaps in health-care-provider training and/or lack of protocols on when and how to give oxygen, how to monitor oxygen use and when to stop it [7] . In Uganda, health systems challenges like shortage of essential drugs and medicines including oxygen contribute to V C The Author [2017] . Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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Journal of Tropical Pediatrics, 2018, 64, 97-103 doi: 10.1093/tropej/fmx033 Advance Access Publication Date: 8 May 2017 Original paper high mortality and morbidity rates [2] . Supply shortages of oxygen affect the delivery of quality health care, and lack of oxygen remains a cause of death throughout sub-Saharan Africa [7] .
Our study aimed to assess the availability and functionality of oxygen delivery equipment and evaluate nurses' knowledge and practices with respect to oxygen delivery at paediatric wards of district hospitals in eastern Uganda.
M E T H O D S

Study setting
Uganda's eastern region is one of the four regions in the country, has a population of 6.2 million and has a large number of deaths from pneumonia [Demographic Health and Information Survey (DHIS) V2 report, 2015]. It is divided into 32 districts and has 12 district hospitals. Eleven district hospitals took part in the study: Atutur, Bududa, Bugiri, Busolwe, Iganga, Kamuli, Kapchorwa, Katakwi, Masafu, Pallisa and Tororo. The twelfth district hospital in Buwenge was newly opened and did not have inpatient services at the time of the study. These hospitals are funded and operated by the government of Uganda; each provides inpatient services for men, women and children and has a senior medical officer, a second doctor, and a surgical theatre for carrying out emergency operations. Table 1 shows the number of admissions, paediatric admissions, pneumonia cases in children aged <5 years and pneumonia deaths at the 11 hospitals surveyed, from the DHIS V2 report, 2015 (unpublished data). More than 100 000 patients are hospitalized at these facilities annually, representing 7% of all hospitalizations in the country. Over 57 000 (53%) of these admissions were children < 5 years old, and of these, 5270 were admissions for pneumonia (9% of paediatric admissions). The pneumonia case fatality rate at these facilities ranged from 0 to 3.5%, representing 84 pneumonia deaths across the 11 hospitals, in 2014-15.
Characteristics of hospitals surveyed
Ethics statement
The study was approved by the research and ethics committee of Uganda Christian University, Mukono, Study design This was a cross-sectional descriptive observational study of paediatric wards at 11 district hospitals in eastern Uganda conducted from June 2015 to July 2015. The oxygen equipment available in the hospital and at the paediatric ward was assessed using a structured checklist in consultation with the paediatric nurse-in-charge and by direct observation of the equipment. The oxygen purity of the output stream from the concentrators was measured using an oxygen analyser (Guangdong Pigeon Medical Apparatus Co., China).
To evaluate nursing capacity for oxygen delivery, we administered a structured questionnaire to a convenience sample of all nurses of paediatric wards who were available on the day of the site visit and consented to participate in the study. The questionnaire included items pertaining to participant characteristics, past training, practices and knowledge. To assess essential nursing skills for oxygen delivery, we directly observed the participating nurse using objective, structured, clinical scenarios using real equipment and patients. The first skill, use of pulse oximeter, required the nurse to (1) turn the pulse oximeter on, (2) have the child sitting comfortably, (3) attach the oximeter probe to the finger or toe, (4) wait until there is a consistent pulse signal and (5) state the oxygen saturation at which you are supposed to start oxygen (<90%). The second skill, using an oxygen concentrator, required the nurse to (1) position the concentrator close to a power outlet, (2) connect oxygen tubing to the outlet of the humidifier bottle, (3) plug in the power cord, (4) switch on the console, (5) adjust the flow metre according to the flow required for the patient, (6) check flow from nasal prongs and (7) attach nasal prongs to patient. The third skill, using an oxygen cylinder, required the nurse to (1) position the cylinder next to the patient bed, (2) fit the connecting nut and tighten all connection so oxygen does not leak, (3) connect oxygen tubing to the oxygen outlet, (4) carefully open the regulator and check the amount of oxygen in the cylinder on the pressure gauge and (5) adjust the flow metre according to the flow required for the patient. Scoring of the nurse participants for each skill was as follows: (1) unable to perform (did not attempt): the nurse did not know how to perform the skill and did not attempt any steps; (2) poor skills: the nurse completed some but not all the steps; or (3) adequate skills: the nurse completed all steps satisfactorily.
Analysis
Descriptive and comparative statistics were computed using GraphPad/PRISM software (version 5.0). Fisher's exact test was used to compare skills between respondents from sites with and without pulse oximeters or functioning concentrators.
R E S U L T S
Availability of oxygen on paediatric wards Table 2 shows oxygen delivery equipment available at the time of site visit. An adequate oxygen supply was available for paediatric patients at the time of the site visit in only 2 of 11 (18%) hospitals. Even these sites were not capable of reliable oxygen delivery in case of power failure because they relied on oxygen concentrators, had no cylinder oxygen backup at the paediatric ward and did not turn on the fuelpowered hospital generator for patients needing oxygen. The remaining nine sites had no oxygen concentrator available for paediatric patients (5 of 11), had a completely defective oxygen concentrator (2 of 11) or had an oxygen concentrator that produced oxygen at <80% purity (2 of 11). Only one oxygen concentrator had been serviced in the past 6 months (Kamuli District Hospital) and this machine functioned well (89% oxygen purity). Although cylinder oxygen was available at all hospitals, it was not available on the paediatric ward at any of the sites. Pulse oximetry was available at only one site (Tororo District Hospital).
Nursing capacity for oxygen delivery Table 3 shows the results of questionnaires and objective structured clinical skills assessments of 38 nurses across the 11 district hospitals (two to five Table 2 . Availability of oxygen on paediatric wards in 11 district hospitals in Eastern Uganda The oxygen concentrator turned on and produced a gas stream.
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4/11 (37%)
The oxygen purity of the stream was ! 80%.
Power to run the oxygen concentrator was on at the time of visit.
11/11 (100%)
A generator was available.
In practice, the generator is turned on when a patient needs oxygen. This skill (use of oxygen cylinders) was assessed in 20 of 38 nurses in the convenience sample. In the remaining cases, there was no cylinder available for demonstration of the skill.
nurses per site). Most nurses (35 of 38, 92%) had never received training in oxygen therapy, and all felt a need for additional training. Consistent with the observed lack of functional oxygen equipment at most sites, 35 of 38 (92%) nurses reported that not all children needing oxygen received it at their centre, and indicated lack of oxygen equipment or equipment disrepair as the main reason. When skills in pulse oximetry were directly assessed, most participants (29 of 38, 76%) were completely unfamiliar and did not attempt the task. Only 4 of 38 (11%) were able to demonstrate adequate skills in pulse oximetry. Of note, 3 of 3 (100%) nurses from Tororo District Hospital, the only centre with a pulse oximeter, had adequate pulse oximetry skills, compared with 1 of 35 (2.9%) participant from other centres (p ¼ 0.0005). Skills in concentrator use were better, with 29 of 38 (76%) able to adequately demonstrate the task of setting up oxygen delivery from a concentrator. Skills in use of oxygen cylinders were weaker, with only 2 of 20 (10%) participants able to adequately demonstrate the task.
D I S C U S S I O N
This survey of government health facilities and nursing staff in eastern Uganda demonstrates an alarming lack of capacity for oxygen therapy across most district hospitals managing paediatric inpatients. Oxygen delivery equipment was scarce or poorly maintained in all but 2 of the 11 hospitals. Nursing capacity for oxygen delivery was limited at most sites, with significant gaps in training and skills identified (especially pulse oximetry and cylinder oxygen use). This study should therefore serve as a call to action to improve the availability of oxygen and trained personnel across eastern Uganda and beyond.
The sample of 11 district hospitals in eastern Uganda in this study may be representative of many low-resource facilities in sub-Saharan Africa. Together, these hospitals admitted a large number of children (>57 000/year), with pneumonia accounting for a significant proportion of admissions (9%), and associated with a case fatality rate of 1.6%. A study of Gambian health facilities revealed that only 3 of 12 facilities had a reliable oxygen supply [8] . In another survey of 10 government hospitals in Sierra Leone, 40% had no oxygen at all and 60% had an interrupted supply of oxygen [9] . Furthermore, a study in 10 hospitals in Uganda showed perennial shortage of essential supplies including oxygen [10] .
The commonest source of oxygen was concentrator. Preference of concentrators over cylinder oxygen at most centres may be related to frequent stockouts of cylinders and pragmatic challenges in the use of compressed gas [7] . In contrast, oxygen concentrators are user-friendly and generate oxygen on site. However, challenges remain with electrical supply and equipment maintenance. Most hospitals in our study, as elsewhere in Africa [11] , did not have continuous power supply. Alternative energy sources, such as solar-powered oxygen delivery [12] , offer a technological solution to the problem of interrupted power supply.
Maintenance is challenging in resource-limited contexts, where an estimated 38% of all medical equipment is broken or out of service [13] . Of six concentrators found on paediatric wards, two were completely defective, and two produced a stream of gas with <80% oxygen. Only one concentrator in our study (Kamuli Hospital) had been serviced within the past 6 months. Most concentrators on the hospital wards were donations whose design may not match the local setting (e.g. lack of stable electricity) [14] . Low-cost foreign-manufactured concentrators may lack durability and replacement parts are difficult to obtain from abroad, shortening the useful life of this equipment.
The ability to use oxygen effectively depends on appropriately trained and equipped staff. Nurses in our study generally felt that their training in oxygen administration was not adequate, and all felt the need for additional training. The majority of the nurses had no knowledge on the use of a pulse oximeter or the appropriate threshold for starting oxygen. Most nurses (76%) were competent in using an oxygen concentrator, probably because concentrators were available in all hospitals, even if not at the paediatric ward (e.g. in the operating theatre). In contrast, few nurses (10%) were able to demonstrate skills in cylinder use, reflecting technical challenges with this modality.
Our study has several limitations. We surveyed 11 of 12 district hospitals in a defined geographical area (eastern region, Uganda). National or regional referral hospitals were not included, nor were smaller health centres without paediatric inpatient services, and our findings should not be extrapolated to these facilities. Our results should be extrapolated with caution to other regions of Uganda, sub-Saharan Africa and low-resource settings globally, although we feel that the characteristics of the 11 hospitals surveyed are similar to other low-resource facilities.
C O N C L U S I O N
Oxygen is only available at a minority of hospitals with inpatient paediatric services in eastern Uganda. Given the burden of pneumonia and hypoxaemia globally, poor access to functioning oxygen delivery equipment and health workers skilled in oxygen administration may represent an important and remediable barrier for improved child survival.
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